The objectives of the study were to assess the effects of moderate sodium restriction on blood pressure in insulin-dependent diabetic (IDDM) patients with nephropathy and high normal or mildly hypertensive blood pressure (primary objective), and to document possible associated changes of exchangeable body sodium, body volumes, components of the renin-angiotensin-aldosterone system, atrial natriuretic peptide, and catecholamines (secondary objective). Sixteen patients with untreated systolic blood pressure > 140 < 160 mmHg and/or diastolic blood pressure _> 85 < 100 mmHg were included in a double-blind, randomized, placebo-controlled trial. After a 4-week run-in period on their usual diet and a 2-week dietary training period to reduce sodium intake to about 90 mmol/day, eight patients received 100mmol/day sodium supplement (group 2) and eight patients a matching placebo (group 1) for 4 weeks while continuing on the reduced-sodium diet. Patients were examined at weekly intervals. Main response variables were mean values of supine and sitting systolic and diastolic blood pressure as measured in the clinic and by the patients at home. The differences in blood pressure between the beginning and the end of the blinded 4-week study period were calculated and the differences in changes between the two patient groups were regarded as the main outcome parameters. During the blinded 4-week study period, average urinary sodium excretion was 92 + 33 (mean + SD) mmol/day in group 1 and 199+52mmol/day in group 2 (p = 0.0002). The differences in blood pressure changes between the two patient groups were 3.9(-1.2 to 9) mmHg [mean (95 % confidence intervals)] for systolic home blood pressure, 0.9(-3.7 to 5.5) mmHg for diastolic home blood pressure, 4.9(-3.3 to 13.1) mmHg for clinic systolic blood pressure and 5.3(1 to 9.7 mmHg, p = 0.02) for clinic diastolic blood pressure. Combining all patients, there were relevant associations between changes of urinary sodium excretion and blood volume (Spearman correlation coefficient r = 0.57), blood pressure and angiotensin II (diastolic: r = -0.7; systolic: r = -0.48), and exchangeable body sodium and renin activity (r = -0.5). In conclusion, in this study of IDDM patients with nephropathy and high normal or mildly hypertensive blood pressure, a difference in sodium intake of about 100 mmol/day for a period of 4 weeks led to a slight reduction of clinic diastolic blood pressure. Studies including larger numbers of patients with various stages of nephropathy and hypertension are needed to definitely clarify the effects of sodium restriction in IDDM. [Diabetologia (1996) 39: 212-219] 
dium excretion was 92 + 33 (mean + SD) mmol/day in group 1 and 199+52mmol/day in group 2 (p = 0.0002). The differences in blood pressure changes between the two patient groups were 3.9(-1.2 to 9) mmHg [mean (95 % confidence intervals)] for systolic home blood pressure, 0.9(-3.7 to 5.5) mmHg for diastolic home blood pressure, 4.9(-3.3 to 13.1) mmHg for clinic systolic blood pressure and 5.3(1 to 9.7 mmHg, p = 0.02) for clinic diastolic blood pressure. Combining all patients, there were relevant associations between changes of urinary sodium excretion and blood volume (Spearman correlation coefficient r = 0.57), blood pressure and angiotensin II (diastolic: r = -0.7; systolic: r = -0.48), and exchangeable body sodium and renin activity (r = -0.5). In conclusion, in this study of IDDM patients with nephropathy and high normal or mildly hypertensive blood pressure, a difference in sodium intake of about 100 mmol/day for a period of 4 weeks led to a slight reduction of clinic diastolic blood pressure. Studies including larger numbers of patients with various stages of nephropathy and hypertension are needed to definitely clarify the effects of sodium restriction in IDDM. [Diabetologia (1996) 39: 212-219] Sodium retention is a prominent feature of insulindependent (IDDM) and non-insulin-dependent (NIDDM) diabetes and has been implicated in the pathogenesis of hypertension in these patients [1] [2] [3] [4] [5] [6] [7] . Exchangeable body sodium is increased in diabetes [1] [2] [3] [4] [5] [6] , and particularly high values have been found in diabetic subjects with hypertension and nephropathy [5, 6] . In these patients levels of exchangeable body sodium were related to blood pressure values [5, 6] . Salt sensitivity on acute sodium loading and depletion is common among patients with NIDDM and hypertension [7] . Based on these pathophysiological considerations, effects of treatment on blood pressure by reduction of dietary sodium intake could be particularly pronounced in diabetic patients with nephropathy.
Restriction of dietary sodium to less than 100 mmol per day is generally recommended to nondiabetic and diabetic patients with hypertension [8] . However, in non-diabetic subjects effects on blood pressure may be modest in the young and lean with only mild hypertension [9] . Only few studies have been published on the effects of sodium restriction in diabetes. In one study, including elderly and overweight NDDM patients a reduction of sodium intake by 80mmol per day resulted in a decrease of 10 mmHg of supine systolic blood pressure [10] . No studies have been performed in hypertensive IDDM patients. Typically, these patients are young and nonobese, and in most cases, hypertension is associated with diabetic nephropathy.
In patients with IDDM and nephropathy early and aggressive ant• treatment impressively improves morbidity and mortality [11] [12] [13] . It is recommended that early increases of blood pressure, even below diastolic values of 90 mmHg, should be treated [14, 15] . In such patients non-pharmacological ant• interventions are particularly encouraged [16] . We have previously reported that IDDM patients with hypertension have shown interest in trying non-pharmacological means of lowering blood pressure [17] . However, compliance with a sodium-restricted diet was poor, even in well-trained patients using h~me blood pressure monitoring [17, 213 18 ]. This could be due to a lack of effect of this treatment or to patients' perceived restrictions in lifestyle imposed by the diet.
Thus, the present study was performed in order to investigate whether sodium restriction has clinically meaningful effects on blood pressure in IDDM patients with nephropathy and high normal or mildly hypertensive blood pressure values, and to document possible associated changes of exchangeable body sodium and components of related regulatory systems.
Subjects and methods
Study hypothesis and a priori sample size calculations. The study hypothesis was that sodium restriction to about 90 mmol/day would lead to a reduction in blood pressure by at least 6 mmHg when compared to a daily sodium intake of about 190 retool/day, which corresponds to the average urinary sodium excretion per 24 h of hypertensive IDDM patients attending the D%seldorf diabetes centre [17, 18] . Based upon previous studies documenting the effects of ant• tensive treatment on the prognosis of IDDM patients [11, 12] a difference of at least 6 mmHg between groups after a study period of 4 weeks was considered to be clinically important. Applying standard formula for unpaired Student's t-test and assuming a standard deviation of 4 mmHg for mean clinic blood pressure at baseline (Table 1) , the required sample size was calculated as 16 patients in order to detect a difference of 6 mmHg as statistically significant (c~ = 0.05, two-tailed) with a statistical power of 80 % [19] .
Subjects. Over a period of 4 years, out of several hundred IDDM patients attending the University Hospital of Dtisseldorf and two hospitals in the city of Essen, where identical treatment approaches for intensified insulin therapy were used [20] , a total of 63 possibly suitable patients were screened in order to recruit 16 subjects who fulfilled the inclusion criteria and were willing to participate in the study (two subjects had dropped out during the unblinded dietary training period, one because he felt unable to adhere to the study protocol, the second because he felt unable to adhere to the sodium restricted diet). Inclusion criteria were: IDDM on intensified insulin therapy [20] , age 18 to 60 years, diabetes duration more than 5 years, increased proteinuria ( > 60 mg/24 h in at least two of three 24-h urine samples), exclusion of urinary tract infection, no drugs (including oral contraceptives) except insulin (one patient used thyroxine), stable retinopathy, exclusion of pregnancy and effective contraception during the study; untreated systolic blood pressure _> 140 < 160 mmHg and/or diastolic blood pressure _> 85 < 100 mmHg. A history of short-term treatment with antihypertensive drugs was not an exclusion criteria, if the medication had been stopped for at least 4 weeks before recruitment.
Study protocol. The study was designed as a double-blind, randomized, placebo-controlled trial with a simple two-group parallel design. After a 4-week run-in period on their usual diet and a 2-week dietary training period to reduce sodium intake to about 90 mmol/day, eight patients were randomized to receive 100 mmol/day sodium supplement (group 2) and eight patients to matching placebo (group 1) while continuing on the reduced-sodium diet. Patients were examined at weekly intervals with five examinations during the run-in period (examination I to 5), three examinations during the dietary training period (examinations 6 to 8) and four during the blinded study period (examinations 9 to 12). Only patients who sufficiently reduced salt intake during the dietary training period were considered eligible for entering the blinded study period. The sodium supplement consisted of six coated tablets per day each containing 1 g of salt whereas placebo consisted of six identically coated tablets per day each containing 1 g of lactose. The coated tablets were kindly provided by Cassella Riedel (Frankfurt, Germany). Vials with three different numbers of tablets were provided. Vials were exchanged at each examination, and patient compliance was estimated by counting the number of returned pills. All relevant laboratory results of the blinded study period, including excretion of urinary electrolytes, were kept blinded to patients and investigators until the last patient had finished the study. Written informed consent was obtained from all subjects and the study was approved by the ethical committee of the University Hospital of Diisseldorf. Weekly examinations were performed at the Diisseldorf diabetes clinic by a single, specially trained, non-physician investigator (K. E). Patients were asked to always come at the same time of the day, to avoid strenuous exercise during the 24-h urine collection and to abstain from smoking before and during the examinations. Blood glucose levels were measured before and during examinations and kept within approximately 4.4 and 11 mmol/l. Blood pressure measurements. Clinic blood pressure was measured under standardized conditions using a random zero sphygmomanometer (Hawksley, Lancing, UK) as previously described [17, 18] . At examinations 1 to 3, for screening, two supine and two sitting blood pressure measurements were taken and the mean of the four measurements was used for analysis. Thereafter (examinations 4 to 12), blood pressure was measured as follows: after the patient had a 10-min rest in the supine position, four supine measurements were taken at 5-min intervals. After an additional 5 min of rest in the sitting position, four sitting measurements were taken at 5-min intervals. The mean of the eight measurements was calculated and used in the analysis. Pulse rate was measured at the end of the supine period.
All patients were trained in self-monitoring of blood pressure as described [17] and provided with anaeroid manometers to be used throughout the study. At each examination patients' performance in blood pressure self-monitoring was evaluated in order that their blood pressure readings were within 2 mmHg of the readings done by the investigator. For the purpose of this study, patients were asked to monitor blood pressure under standardized conditions on one day every week and to take two measurements at each of the following time points: in the morning, before getting up while in the supine I. M0hlhauser et al.: Dietary sodium in IDDM position, at noon and in the evening (before meals) in the sitting position, and at bedtime, before going to sleep, in the supine position. The mean of the eight measurements was calculated and used in the analysis.
Dietary intervention. All patients, together with their spouses or partners, underwent intensive dietary training by a nutritionist and a dietitian during the 2-week dietary training period. Patients were provided with specially prepared bread with reduced salt content. Dietary advice was reinforced by personal and telephone contact throughout the study. Patients were asked to keep their body weight constant. At the end of the run-in period, at the end of the dietary training period and at the end of the 4-week blinded study period, patients completed a 3-day food diary as described elsewhere [21] . During the last day of these 3 days, patients collected a 24-h urine sampie. Salt intake and protein intake were estimated by analysis of the dietary protocol and analysis of the urine; protein intake was calculated from 24-h urinary nitrogen excretion [18] .
Laboratory methods. Metabolic investigations were carried out at the beginning (examination 8) and at the end (examination 12) of the double blind study period under standardized conditions at the same time of the day (afternoon). Blood was taken after patients had been recumbant for i h [aldosterone, angiotensin converting enzyme (ACE), atrial natriuretic peptide (ANP), adrenaline, noradrenaline] and 2 h (renin, renin activity, angiotensin II), respectively. Blood samples were put on ice immediately, centrifuged at 4 ~ and stored at -20 ~ and -70 ~ respectively, for later determination. Plasma concentrations of components of the renin-angiotensin-aldosterone system and catecholamines were assayed in the laboratory of Professor Dr. med. B. Grabensee (Department of Nephrology, University Diisseldorf) using previously described methods [22, 23] . Aldosterone (intraassay coefficient of variation, CV 3.4 %), renin activity (CV 5.6 %), ANP (CV 4.4 %), and ACE (CV 4.8%) were determined by radioimmunoassay, and adrenaline (CV 3.5 %) and noradrenaline (CV 3.1%) by highpressure liquid chromatography. Plasma angiotensin II levels (CV 5.5 %) were assayed in the laboratory of Professor Dr. med. E. Hackenthal (Institute of Pharmacology, University of Heidelberg, Germany) [24] . Glomerular filtration rate (GFR) was assessed by the clearance of inulin and renal plasma flow (RPF) by the clearance of PAH (para-aminohippuric acid); both measurements were performed at the time of examinations 8 and 12 [25] . Renal vascular resistance was estimated by dividing [mean arterial blood pressure x 100 x (1-haematocrit)] by RPF and is expressed as mmHg. L -t . S -1. Filtration fraction was calculated by dividing GFR by RPF. Total exchangeable body sodium, blood volume, plasma volume and erythrocyte volume were determined at examinations 8 and 12 at the Nuclear Research Centre, Jtilich, Germany. Total exchangeable sodium was measured by the whole body counter method [26] in three patients, and by a modified isotope dilution method [27] in 13 patients using Na-22. Blood volume, erythrocyte volume, and plasma volume were measured using Tc-99 m labelled erythrocytes [28] .
Statistical analysis
The main response variables were the mean values of the supine and sitting blood pressure measurements as assessed at the clinic and by the patients at home. The differences in blood pressure between the beginning (examination 8) and the end (examination 12) of the blinded 4-week study period were calculated and the differences in changes of blood pres- sure between the two patient groups were regarded as the main outcome parameters. In an additional analysis, differences in blood pressure between groups at examination 12 were assessed. Means, standard deviations and 95 % confidence intervals were calculated using standard formulas. Differences between groups were assessed by the Student's t-test and -for blood pressure measurements -by analysis of covariance to adjust for baseline values. Two-tailed p-values for t-tests were calculated without and with adjustment for multiple comparisons using the Sidfik inequality and bootstrapping [29] . For computations the SAS procedures MEANS, TTEST [30] and MULTTEST were used [31] . Associations between changes (from examinations 8 to 12) of clinic blood pressure, urinary sodium excretion, exchangeable body sodium, body volumes, components of related regulatory systems, and renal parameters were assessed by Spearman's rank correlation coefficient.
Results
Patients in group I (three women, five men) and group 2 (one woman, seven men) were comparable with respect to age (35 + 11 vs 37 + 9 years), diabetes duration (23-+5 vs 22-+10years), body mass index (24.9+3 vs 25.2+3.1 kg/m2), HbAlc (8_+1 vs 7.5 _+ 0.7%; reference range 4.3-6.1%), insulin dosage (0.64 + 0.14 vs 0.65 + 0.09 IU 9 kg -1. day-t), smoking status, and status of retinopathy. One patient in each group had autonomic neuropathy on heart rate response to standing. All but two patients had been told previously that they had increased blood pressure values. Four patients from group 1, and three patients from group 2 had been treated short-term with ant• drugs. At recruitment, according to Joint National Committee criteria [16] three patients from group 1 and one patient from group 2 had high normal blood pressure, whereas the remaining patients had hypertensive blood pressure values.
The desired levels of urinary sodium excretion were achieved and maintained in both patient groups throughout the study (Fig. 1, Table 2 ). Patient compliance to dietary recommendations was high according to both urinary excretion of electrolytes and dietary protocols ( Table 2 ). There were no significant changes in body weight, protein intake, urinary excretion of potassium (Table 2) , calcium, phosphate, urea nitrogen; no changes in serum levels of electrolytes, urea nitrogen, uric acid, creatinine, albumin, protein (data not shown), and no changes of parameters related to diabetes control, such as HbAlc-levels, insulin dosage or blood lipids (Table 2) . Patient compliance to drug intake was high according to the estimated proportion of consumed tablets [group 1:98 (range 94-103) %; group 2:99 (96-102) %].
Results for blood pressure changes are shown in Tables 1 and 3 . There were no statistically significant changes in blood pressure except for the difference between groups in changes of clinic diastolic blood pressure between examinations 8 and 12 (Table 3) . Results did not change after adjustment for baseline values (ANCOVA). In addition, blood pressure val- Values are means (range). Exam., Examination ues at the end of the study (examination 12) were not significantly different between groups after adjustment for baseline values (clinic systolic: p = 0.16, clinic diastolic: p = 0.27, home systolic: p = 0.057, home diastolic: p = 0.88). Pulse rate did not change between examinations 8 and 12 (group 1:86+9 vs 85 _+ 6 beats/min; group 2:85 + 5 vs 87 + 5 beats/rain). There were no significant group effects with respect to changes of renal parameters (Table 4) , the various components of the renin-angiotensin-aldosterone system, ANR adrenaline or noradrenaline (Table 5) , exchangeable body sodium and body volumes (Table 6) .
Combining all patients, there were relevant associations (Spearman correlation coefficient r _> 0.3) between changes from the beginning to the end of the blinded study period (examinations 12-8) for various parameters: changes of urinary sodium excretion were related to changes of blood volume (r = 0.57), erythrocyte volume (r = 0.4) and plasma volume (r = 0.38); changes of clinic diastolic blood pressure were related to changes of renin activity (r = 0.3), angiotensin II (r = -0.7), ACE (r = 0.41) and noradrenaline (r --0.39); changes of clinic systolic blood pressure were related to changes of erythrocyte volume (r = -0.32), angiotensin II (r = -0.48), ACE (r = 0.39) and adrenaline (r = 0.46); changes of exchangeable body sodium were related to changes of blood volume (r = 0.39), erythrocyte volume (r = 0.46), renin activity (r = -0.5), ACE (r = 0.33) and noradrenaline (r: 0.31).
Discussion
This is the first report on treatment effects of sodium restriction in IDDM patients with nephropathy and untreated high normal or mildly hypertensive blood Patient compliance to the dietary regimen and intake of the salt-/placebo tablets was high as estimated by analysis of dietary protocols, excretion of urinary electrolytes and on pill counting at weekly intervals. Thus, a sufficient difference in sodium intake between the two patient groups was achieved and maintained throughout the 4-week blinded study period. It is of note that previously studied populations of diabetic patients had lower urinary sodium excretion rates [1, 2, 4-6] than the patients attending the diabetes centre of the University hospital of Dfisseldoff [17, 18] . Consequently, the effects of reducing sodium intake to about 90 mmol per day on lowering blood pressure are expected to be even less pronounced in other groups of diabetic patients with lower levels of sodium intake at baseline.
Various factors could have influenced the results of the present study. First, according to the blood pressure values at the end of the blinded trial period, the power of the study was not sufficiently high to justify the conclusion that sodium restriction does not lower blood pressure in patients with IDDM and nephropathy. Second, differences in blood pressure between the two treatment groups might be missed on clinic and home blood pressure monitoring as performed in the present investigation. In fact, ambulatory 24-h blood pressure monitoring was not included as an assessment method at the time the study was being planned and initiated. Ambulatory 24-h blood pressure monitoring may be necessary in order to identify treatment effects on night-time blood pressure, especially in patients whose blood pressure does not fall during sleeping hours. However, marked reductions in fall of nocturnal blood pressure have only been observed in patients with advanced diabetic nephropathy receiving antihypertensive therapy and in some patients with pronounced autonomic neuropathy, whereas IDDM patients with microalbuminuria or overt nephropathy with no antihypertensive medication still had normal or only slightly disturbed diurnal blood pressure variation [32] [33] [34] . Third, the study period could have been too short. The effects of sodium restriction usually manifest themselves within a few days or weeks, although further effects may become apparant only on longterm treatment. On the other hand, patients usually become less compliant with longer study periods, counterbalancing possible further treatment effects. Finally, on the basis of the present study, it cannot be excluded that dietary sodium restriction to 90 mmol per day has relevant effects on blood pressure in patients with an even higher daily sodium intake than that of the patients in this study, in patients with more advanced diabetic nephropathy, in patients with moderate to severe hypertension, in patients already treated with antihypertensive agents or in older patients with IDDM.
In the present study, sodium restriction had no group effects on exchangeable body sodium, blood volume, erythrocyte volume, plasma volume, the renin-angiotensin-aldosterone system, atrial natriuretic peptide or catecholamines. However, the study did not have the statistical power to detect minor, though real differences between the two patient groups. In addition, the patients of the present study were homogeneous with respect to age, body mass index, insulin therapy and metabolic control, and due to the inclusion criteria they displayed a narrow range of blood pressure values. Associations between sodium intake and blood pressure and exchangeable body sodium, respectively, have been observed in patient groups with wide ranges of clinical characteristics and of blood pressure values [1] [2] [3] [4] [5] [6] [7] . Furthermore, it cannot be excluded that transient and significant changes, e.g. in the renin-angiotensin-system had occurred within the first days of alterations in sodium intake and that these changes had been missed by our study protocol. Likewise, it might take more than 4 weeks to significantly alter total exchangeable body sodium.
On the other hand, when both patient groups of the present study were combined, relevant associations were found between changes from the beginning to the end of the blinded study period for vari-ous parameters. Due to small patient numbers and the large number of variables the correlation analysis was performed only in a descriptive way. In the present study, changes in urinary sodium excretion were correlated (r_>0.3) with changes in blood volume, erythrocyte volume and plasma volume, and changes in exchangeable body sodium were related to changes in blood volume, erythrocyte volume, ACE and noradrenaline, whereas exchangeable body sodium was inversely related to renin activity. Changes in blood pressure were related to renin activity, ACE and noradrenaline, and inversely related to angiotensin II. Associations between exchangeable body sodium and blood or plasma volume have been described by some [35] , but not by all authors [1- 3, 6] . High renin activity and/or increased sympathetic activity on low sodium diets have been described in non-diabetic subjects [9, 36, 37] , and high renin activity has also been found in NIDDM subjects on sodium reduction to 20 mmol/day [7] . The predictive role of high plasma renin activity for an increased risk of myocardial infarction is controversial [37, 38] . In a cross-sectional analysis including IDDM patients with various degrees of nephropathy and hypertension, Feldt-Rasmussen et al. [6] found suppressed aldosterone, angiotensin II and catecholamine levels in patients with increased blood pressure and early stages of diabetic renal disease. This is in accordance with the strong inverse relationship between changes of blood pressure and angiotensin II observed in the present study.
In conclusion, in contrast to the previously described pronounced effects of sodium restriction on blood pressure in overweight NIDDM patients, the present study does not support the concept of a strong antihypertensive effect of dietary sodium restriction in IDDM patients with nephropathy and high normal or mildly hypertensive blood pressure values.
